Most strains of Butyrivibriofibrisolvens are known to produce extracellular polysaccharides (EPs). However, the rheological and functional properties of these EPs have not been determined. Initially, 26 strains of Butyrivibrio were screened for EP yield and apparent viscosities of cell-free supernatants. Yields ranged from <1.0 to 16.3 mg per 100 mg of glucose added to the culture. Viscosities ranged from 0.71 to 5.44 mPa s. Five strains (CF2d, CF3, CF3a, CE51, and H1Ob) were chosen for further screening. The apparent viscosity of the EP from each of these strains decreased by only 50 to 60% when the shear rate was increased from 20 to 1,000 S-. Strain CE51 produced the EP having the highest solution viscosity. A detailed comparison of shear dependency of the EP from strain CF3 with xanthan gum showed that this EP was less shear sensitive than xanthan gum and, at a shear rate of 1,000 s-, more viscous. EPs from strains CF3 and HlOb were soluble over a wide range of pH (1 to 13) in 80% (vol/vol) ethanol-water or in 1% (wt/vol) salt solutions. The pH of 1% EP solutions was between 4.5 and 5.5. Addition of acid increased solution viscosities, whereas addition of base decreased viscosity. EPs from strains CF3, CE51, and HlOb displayed qualitatively similar infrared spectra. Calcium and sodium were the most abundant minerals in the three EPs. The amounts of magnesium, calcium, and iron varied considerably among the EPs, but the potassium contents remained relatively constant.
The genus Butyrivibrio is composed of obligately anaerobic, curved, rod-shaped, butyric acid-forming bacteria found in both ruminal and cecal portions of the gastrointestinal tracts of mammals (9) . Most strains of Butyrivibriofibrisolvens are known to produce extracellular polysaccharides (EPs) when grown on a defined medium. EPs from several strains have been characterized on the basis of sugar composition (20) . The compositional analysis of EPs produced by 37 strains of B. fibrisolvens showed that unusual sugars such as L-altrose (19, 21) , 4-O-(1-carboxyethyl)-D-galactose (23) , and 4-O-(1-carboxyethyl)-L-rhamnose (24) are common constituents of the EPs. However, the rheological and functional properties of these EPs have not been studied.
The commercial utility of polysaccharides known as hydrocolloids is based on their wide range of functional properties. The property of thickening or imparting viscosity to a solution is fundamental to hydrocolloids (6, 8, 16, 17) . Generally, the functional properties of a given polysaccharide can be influenced by both the sugar composition and the spatial structure of its basic units. The unusual sugar constituents of EPs produced by Butyrivibrio strains suggest that these EPs might have unique rheological and functional properties. Therefore, this study was undertaken to screen strains of the strictly anaerobic ruminal bacterium B. fibrisolvens for EP production on a chemically defined medium containing glucose. Second, EPs were isolated from selected strains and their rheological properties were determined.
MATERIALS AND METHODS
Organisms and growth conditions. All bacterial strains used were obtained from R. B. Hespell's stock culture t Present address: Glycomed, Inc., Alameda, CA 94501. collection (National Center for Agricultural Utilization Research, U.S. Department of Agriculture, Peoria, Ill.) and are representative strains isolated from diverse sources (13) . A chemically defined medium (2) with 1% glucose as the carbon source was used for all studies. Cultures were prepared and grown anaerobically at 37°C. For routine screening of EP production and cultural viscosities, 10-ml test tube culture broths were used. To detect the presence of extracellular polysaccharides during growth, samples of the culture were removed, mixed with India ink, and observed with a phase light microscope.
Crude EP preparation. For large-scale EP preparations, 0.5-to 2.0-liter cultures were used. Cells were removed from stationary-phase cultures by centrifugation (10,000 x g for 1 h at 4°C) and discarded. Culture supernatants were dialyzed against three to four changes of 15 Atomic absorption spectroscopy. Samples were prepared by wet-ashing of freeze-dried EPs (5, 15) . Calcium, magnesium, iron, sodium, and potassium were determined by atomic absorption, using a Perkin-Elmer 303 spectrophotometer.
RESULTS
Initial screening of strains. Butyrivibrio strains were screened on the basis of apparent viscosity of the cell-free culture fluids. Actual EP production and optical density of cultures were also considered as selection parameters. Strains which did not grow well in the defined medium with 1% glucose or which did not produce enough EP for viscosity measurement were eliminated from further screening. Table 1 shows the results of these initial screening procedures.
The data show considerable variation between strains in the amount of EP produced and in the apparent viscosities of the cell-free supernatants. Yields of EP ranged from <1.0 (i.e., nonproducing strains) to 16.3 mg per 100 mg of glucose added to the culture. Viscosities ranged from 0.71 to 5.44 mPa s. In general, strains belonging to groups I and II produced small amounts of EPs and exhibited low supernatant viscosities, whereas the opposite was observed with group III strains. Cultures of CF strains, originally isolated from sheep ceca (12) , were viscous, and longer centrifugation times were needed to sediment the cells. Some strains of group IV also made reasonable amounts of EP, but the cells could be easily centrifuged out of these cultures. India ink staining of culture samples of various strains and CF strains, in particular, showed the presence of an amorphorous EP matrix surrounding the cells. This EP matrix often was 10-to 100-fold greater in volume than the cell volume.
Secondary screening. Apparent viscosity measurement of four concentrations (0.10, 0.20, 0.50, and 1.00%) of EPs produced by seven selected strains showed that EP solutions were mildly pseudoplastic. Five of these strains (CF2d, CF3, CF3a, H1Ob, and CE51) were chosen for further screening. Viscosities of EPs at different shear rates are shown in Table  2 for these five strains. Strain CE51 produced an EP with the highest solution viscosity, while the EP from strain HiOb showed the lowest solution viscosity. Increasing the shear rate from 20 to 1,000 s-1 decreased the apparent viscosity by only 50 to 60% with all five EPs. A detailed comparison of shear dependency of xanthan gum and the EP of strain CF3 was made (Fig. 1) . The data showed that the EP from strain CF3 was less shear sensitive than xanthan gum and, at shear rates of 1,100 s-1, more viscous.
Solution properties. All EPs from Butyrivibrio strains were soluble in distilled water and produced a clear solution. Strains in groups II, III, and IV produce EPs that contain acid constituents (20) , and these behaved like acidic polysaccharides in ethanolic solution. Two representatives of these polysaccharides, EPs from strains CF3 and H1Ob, were studied in more detail. Both polysaccharides were soluble over a wide range (1 to 13) of pH in 80% (vol/vol) ethanol- Mineral-element content. The mineral contents of dialyzed crude EPs after wet-ashing were determined by using atomic absorption spectroscopy (representative data are shown in Table 3 ). Calcium and sodium were most abundant in the EPs studied. The content of sodium and potassium did not vary greatly among the EPs. However, each EP showed differences in amounts of calcium, magnesium, and iron. The EP from strain CE51 showed the highest levels for all three divalent metals as well as the highest total mineral-element content. In view of its FTIR spectrum, which showed the most free carboxylic acid still present, the mineral level indicates that the original carboxylic acid content was also highest and reflects the very acidic nature of this EP. Infrared spectra. The EPs from strains CF3, CE51, and
HiOb displayed similar FTIR spectra (Fig. 2) . The spectra exhibited a broad 0-H stretching absorption band centered around 3,420 cm-', a minor C-H stretching band at 2,930 cm1, and several C-0 absorption bands in the 1,400-to 900-cm-1 region, including a set of strong C-0 stretching bands at 1,038 and 1,078 cm-1 (7, 18 from symmetrical stretching (18) . The intensity of C=O stretching of un-ionized carboxylic acid was different among EPs. The EP from strain CE51 displayed the strongest C=-O band at 1,734 cm-1, whereas that from strain HiOb exhibited a minor band. Measured in absorbance units, the FTIR spectra provide estimates of components in the EPs. The absorbance spectra of EPs from strains CE51, H1Ob, and CF3 show respective increases of metal carboxylate (1,420 to 1,460 cm-') content as the free carboxylic acid (1,734 and 1,250 cm-1) content decreases. The 1,250-cm-1 band is due to C-0 stretching in the free carboxylic acid. Both the C=O band and the C-0 band absorb separately as parts of the same COOH structure. However, in the carboxylate form neither of these individual absorptions occurs due to the resonance structure of the COO-ion. Hence, the 1,734-and 1,250-cm-1 bands increase or decrease together, as shown in Fig. 2 .
DISCUSSION
The results of this study show that the amounts of EP made by B. fibrisolvens vary greatly among strains. The highest EP-producing strains are the CF strains. Four of six strains examined converted 11 to 16% of the initial glucose to EP ( Table 1) . Solutions of the EPs made by these strains display considerable viscosity, which decrease by only 50 to 60% at high shear rates (Table 2) . A detailed comparison of the EP made by strain CF3 with xanthan gum showed that the B. fibrisolvens EP was, in fact, less sensitive to shear, particularly at high shear rates (Fig. 1) . Other comparisons of the EPs made by strains HiOb and CE51 with xanthan gum also yielded similar, but less dramatic results (data not shown). The pseudoplasticity of these EPs is an advantageous flow property which may be useful, particularly when these EPs are mixed with other materials in commercial applications. The differences in rheological properties among the EPs of H1Ob, CE51, and CF3 do not appear to be directly correlated to their neutral sugar compositions. The EPs of the CF strains contain L-altrose and glucose, whereas the EPs of the other two strains contain galactose and glucose (20) . However, all of these EPs contain one or more acidic sugar components. The most common acidic sugar is a lactylgalactose, which is 4-0-(1-carboxyethyl)-D-galactose in the EP of B. fibrisolvens 49 (23) . The infrared spectra of these polysaccharides (Fig. 2) clearly show the presence of carboxylate groups. Most likely, these carboxylate groups can serve as binding sites for divalent metal ions. The absorbance spectra also suggest that the carboxylic acid groups in the EPs are disproportionately neutralized by the basic metal ions. In the EP from strain CE51, the free carboxylic acid and metal-carboxylate conjugate exist in roughly equal amounts, whereas in the EP from CF3 nearly all of the ionizable groups exist in the neutralized carboxylate form. Because this disproportionation is itself pH dependent, the FTIR spectra agree with the observed pH dependence of the viscosities of these EPs. The spectra also suggest that some of the viscosity differences among the EPs may therefore be attributable to differences in the degree of neutralization. Hence, the rheological properties of these EPs may be adjustable by controlling pH.
Isolation of the EPs involving distilled water dialysis steps yielded EPs that varied in both amounts of magnesium, calcium, and iron and total amount of divalent metal ions bound (Table 3) . Subsequent dialysis of these EPs, using EDTA-containing buffers, indicated that almost all of the divalent metal ions could be removed and much of the sodium or potassium could be replaced by one of these monovalent ions by dialysis against the appropriate buffer (data not shown). Further work is needed to determine whether the differences in divalent metal compositions of the EPs reflect differences in binding affinities or capacities or both. If the EPs are found to have high and/or selective affinities for these or other metal ions, the EPs may be commercially useful as chelating agents for removal of metals from aqueous or other solutions.
The solution properties were studied in more detail with the EPs from strains HiOb and CF3. The data indicated that the EPs behaved like acidic polysaccharides. The EPs dissolved readily in water, 80% (vol/vol) ethanol, or 1% (wt/vol) salt solutions. Preliminary examination by gel filtration chromatography of the solubilized EPs suggest that they did not have a homogeneous molecular weight and displayed a polydispersity over the range of 300 to 800 kDa. Although the EPs were soluble from pH 1 to 13, the addition of ethanol (67%, vol/vol, final concentration) to alkaline solutions resulted in a precipitated EP which could be redissolved in water and displayed normal viscosity. The solution properties of these two EPs could be used in developing commercial procedures for large-scale preparation of the polysaccharides. While not examined in this study, the manipulation of cultural conditions may lead to enhancement of EP production. A previous study with B. fibrisolvens NYX has shown that EP production can be influenced by the nitrogen sources used for growth (26) . The ability to grow most B. fibrisolvens strains on defined media suggests that further nutritional manipulations are possible. As shown by this study and previous studies (1, 20) , most B. fibrisolvens strains produce an EP. The natural functions of this EP are not clearly known. These organisms readily attach to cellulose fibers (14) and to feed and other particles in the rumen (3, 4) . Presumably, the EP aids in this association and possibly hinders diffusion of the diverse extracellular enzymes such as xylanases (9) , proteases (2), or esterases (10) made by B. fibrisolvens. The EP may also serve in a protective role since the presence of unusual sugars might make the EP more resistant to the action of glycanases (19, 24 [19] ) or L-iduronic acid (strain X6C61 [22] ).
